INTRODUCTION
============

Hepatitis B virus (HBV) is a member of the family Hepadnaviridae, whereas hepatitis C virus (HCV) is a member of the family Flaviviridae. Both HBV and HCV are hepatotropic viruses that cause liver inflammation ([@B1][@B2][@B3]). These viruses can establish chronic persistent infections that are accompanied by immune-mediated liver injury in the infected host. The infection evolves to chronic persistent infection in more than 70% of HCV-infected adults and approximately 90% of HBV-infected neonates due to vertical transmission ([@B4]). Infected patients have a high risk of developing liver cirrhosis and hepatocellular carcinoma once a chronic persistent infection is established by either HBV or HCV ([@B5]).

It has been demonstrated that virus-specific T cell responses are critical for the control of virus during HBV or HCV infection ([@B6]). In particular, adequate T cell responses are essential for spontaneous resolution of acute HBV or HCV infection and to prevent chronic persistent infection ([@B3][@B7]). Indeed, depletion of either CD4^+^ or CD8^+^ T cells disturbs viral clearance in challenge experiments with HBV or HCV in chimpanzees ([@B8][@B9][@B10]). However, T cells also contribute to liver injury during HBV and HCV infection. In particular, the finding that intrahepatic infiltration of T cells coincides with the increase of serum alanine aminotransferase (ALT) levels during acute HBV or HCV infection supports the important role of T cells in liver injury ([@B4][@B7][@B11]). However, the exact mechanism of T cell-mediated liver injury has not been elucidated.

CD4^+^CD25^+^Foxp3^+^ regulatory T (Treg) cells constitute a specialized T cell population that suppresses the activation, proliferation, differentiation, and effector functions of many types of immune cells, including T cells, B cells, NK cells, and dendritic cells ([@B12][@B13][@B14][@B15]). Treg cells play an important role in the maintenance of immunologic tolerance by suppressing autoreactive T cells. In addition, Treg cells control excessive immune activation after infection with various pathogens. Indeed, Treg cells play an important role in the modulation of antiviral T cell responses and immune-mediated host injury in the acute and chronic phases of viral infection ([@B16][@B17][@B18]). This review summarizes the current knowledge on Treg cells and their subpopulations and describes their role in HBV and HCV infections.

CD4^+^CD25^+^FOXP3^+^ TREG CELLS AND SUBPOPULATIONS
===================================================

Although the concept of immune-suppressing T cell subsets was introduced in 1985 on the basis of their critical role in preventing autoimmunity ([@B19]), research on this T cell subset was hampered by the lack of a defining marker. In 1995, Sakaguchi et al. described a Treg population that constitutively expressed the interleukin 2 receptor α-chain (CD25) ([@B20]). In that study, the adoptive transfer of lymphocytes depleted of CD4^+^CD25^+^ T cells into athymic mice induced the development of autoimmune diseases. Interestingly, reconstitution with CD4^+^CD25^+^ T cells prevented autoimmune progression in these mice, suggesting a role for CD4^+^CD25^+^ T cells in the control of self-tolerance. CD4^+^CD25^+^ T cells in humans were found to have a similar function. Foxp3 was subsequently identified as the master regulator that determines the phenotype and function of CD4^+^CD25^+^ Treg cells ([@B21]).

Treg cells are classified based on their mechanism of development. CD4^+^CD25^+^Foxp3^+^ Treg cells are divided into natural Treg (nTreg) cells or thymus-derived Treg cells and induced Treg (iTreg) cells or peripherally derived Treg cells ([@B22][@B23]). nTreg cells develop during the process of T cell maturation in the thymus under T cell receptor engagement with self-antigens. nTreg cells suppress the activation and proliferation of T cells through contact-dependent mechanisms and have a key role in the maintenance of self-tolerance ([@B24]). Conversely, iTreg cells are generated de novo from conventional mature CD4^+^ T cells in the periphery in response to TGF-β and continuous exposure to low-dose antigen or systemic antigen ([@B24][@B25][@B26][@B27]). In addition to CD4^+^CD25^+^Foxp3^+^ Treg cells, CD4^+^ T cells producing IL-10 (Tr1) or TGF-β (Th3) and CD4^+^FoxA1^+^ T cells are considered regulatory cells ([@B28][@B29]). Furthermore, CD8^+^ Treg cells have been described in both humans and mice ([@B30][@B31]).

In humans, Miyara et al. described three distinct subpopulations of CD4^+^CD25^+^Foxp3^+^ Treg cells that could be classified into the following populations based on their expression levels of CD45RA and Foxp3: CD45RA^+^Foxp3^low^ resting Treg cells (subpopulation I), CD45RA^−^Foxp3^high^ activated Treg cells (subpopulation II), and CD45RA^−^Foxp3^low^ cytokine-secreting non-suppressive cells (subpopulation III) ([Fig. 1](#F1){ref-type="fig"}) ([@B32]). A recent study has suggested CD15s as a new marker in the detailed analysis of Treg cell subpopulations. CD15s^high^ Treg cells are activated and terminally differentiated; thus, these cells are the most suppressive type of Foxp3^+^ effector Treg cells ([@B33]). A recent study showed that the frequency of CD45RA--Foxp3^high^ activated Treg cells was increased in patients with chronic active hepatitis B and acute-on-chronic liver failure and correlated with HBV DNA titer ([@B34]). In addition, the frequency of CD45RA^−^Foxp3^low^ cytokine-secreting non-suppressive cells was increased in patients with acute-on-chronic liver failure and correlated with severe liver injury ([@B34]). These data indicate that analyses of the Treg cell subpopulation better delineate disease status than analyses of the total Treg cell population.

TREG CELLS IN VIRAL INFECTION
=============================

Treg cells play a crucial role in suppressing immune responses to self-antigens and in controlling autoimmune diseases. However, Treg cells also modulate immune responses to infectious pathogens, including bacteria, viruses, parasites, and fungi ([@B35]).

It has been shown that Treg cells regulate effector T cell responses against viruses such as herpes simplex virus (HSV), human immunodeficiency virus (HIV), and simian immunodeficiency virus (SIV) ([@B17][@B36][@B37]). Effective virus-specific T cell responses are critical for eliminating the virus. However, several viruses can escape the T cell response and promote viral persistence. Treg cells play a role in the suppression of antiviral T cell responses during this process and aid the establishment of viral persistence. In viral infection, Treg cells also contribute to host protection by preventing excessive immunopathological host damage caused by sustained immune activation and inflammation ([@B38][@B39]). For example, the role of Treg cells was clearly described in a murine model of corneal HSV infection ([@B16]). In this study, depletion of Treg cells prior to HSV challenge resulted in more severe eye inflammation by enhanced effector T cell infiltration. Furthermore, adoptive transfer of Treg cells reduced the severity of eye inflammation, indicating that Treg cells play a beneficial role by suppressing immunopathology and inflammation during viral infection.

TREG CELLS IN HBV INFECTION
===========================

Most studies of Treg cells in HBV infection have focused on the chronic phase of the infection, and it remains controversial whether the circulating CD4^+^CD25^+^ Treg cell population is expanded in patients with chronic HBV infection ([@B40]). Several studies have found a higher frequency of CD4^+^CD25^+^ Treg cells in HBV-infected individuals than in spontaneously recovered individuals or healthy controls ([@B41][@B42]) although another study reported similar Treg cell frequencies in patients with chronic HBV infection and healthy controls ([@B43]). One study analyzed Treg cells in detail at each stage of HBV infection, including the acute, chronic, and chronic severe hepatitis B stages, and the patients with chronic severe hepatitis B showed a significantly higher frequency of circulating CD4^+^CD25^+^ Treg cells than those with chronic mild hepatitis B or acute hepatitis B ([@B44]). Furthermore, the patients with chronic severe hepatitis B also showed more CD4^+^CD25^+^Foxp3^+^ Treg cells in the liver ([@B44]). Interestingly, the frequency of circulating Treg cells was positively correlated with the serum HBV load in patients with chronic hepatitis B. This result suggests that the expanded Treg cell population suppresses antiviral immune responses during chronic HBV infection ([@B44][@B45]).

The mechanisms underlying the increase in Treg cell frequency in patients with chronic HBV infection have not been clearly elucidated. One hypothesis is that iTreg cells are induced by cytokines or continuous exposure to HBV antigens. A previous study proposed that TGF-β increases the frequency of Treg cells in patients with chronic HBV infection and that the serum TGF-β level is positively correlated with Treg cell frequency ([@B46]). TGF-β is known to promote the peripheral conversion of conventional CD4^+^ T cells to Treg cells ([@B47]). The major source of TGF-β in the liver is hepatic stellate cells (HSCs), which are activated during chronic inflammation ([@B48]). Therefore, persistent infection with HBV might lead to TGF-β production from HSCs and contribute to the differentiation of conventional CD4^+^ T cells into iTreg cells.

TREG CELLS IN HCV INFECTION
===========================

There are limited data describing Treg cells in acute HCV infection, which commonly leads to persistent infection. One study compared circulating Treg cells in patients with acute HCV infection who progressed to chronic infection with those in patients who spontaneously resolved the infection ([@B49]). The results demonstrated that chronic progression was associated with long-term maintenance of Treg cells, whereas spontaneous recovery in the acute stage was associated with temporal loss of the suppressive function of Treg cells. This result suggests that Treg cells are key determinants of spontaneous resolution vs chronic progression of acute HCV infection.

Several studies of patients with chronic HCV infection revealed an increased frequency of CD4^+^CD25^+^ Treg cells in the peripheral blood compared with spontaneously resolving patients or healthy controls ([@B50][@B51][@B52]). Increased Treg cell frequencies in the liver have also been observed in chronically infected patients ([@B53][@B54]). However, it is uncertain whether these Treg cells are nTreg or iTreg cells induced by HCV antigens. Interestingly, Treg cells from chronically infected patients exhibit significantly higher suppressive activity against T cell proliferation and IFN-γ secretion ([@B55]). However, Treg cells from HCV-infected individuals inhibit CD8^+^ T cells in an antigen-nonspecific manner and suppress not only HCV-specific T cells but also influenza-, CMV-, and EBV-specific T cells ([@B53][@B55]).

Ward et al. studied the distribution of Treg cells within the HCV-infected liver by defining Treg cells as Foxp3^+^ and CD4^+^ cells, and the results showed a large amount of Treg cell infiltration in persistently HCV-infected patients than in healthy individuals. This finding suggests the involvement of CD4^+^Foxp3^+^ cells in intrahepatic immune regulation ([@B54]). Another studies have demonstrated that CD4^+^Foxp3^+^ Treg cells play a pivotal role in the protection against tissue damage by suppressing excessive HCV-induced immune activation ([@B56]). In this study, there was an increased number of Treg cells in chronic HCV-infected livers with limited fibrosis. In addition, HCV-specific CD4^+^CD25^+^ Treg cells from chronic HCV patients with normal serum ALT levels produced consistently higher amounts of TGF-β than Treg cells from chronic HCV patients with elevated ALT levels ([@B57]). These results suggest a role for these cells in controlling the chronic inflammatory response and hepatic damage.

One study showed that CD4^+^CD25^+^Foxp3^+^ Treg cells suppress not only IFN-γ production and the proliferation of HCV-specific T cells but also activation-induced cell death of HCV-specific T cells in HCV-exposed chimpanzees, including both hosts spontaneously recovered from HCV infection and hosts with chronic HCV infection ([@B58]). Therefore, it was suggested that Treg cells might control HCV-specific memory T cell responses by limiting their activation and preventing apoptosis in hosts who have recovered from HCV infection. A detailed analysis of the CD4^+^CD25^+^ Foxp3^+^ population in chimpanzees revealed that Treg cells from chronically infected and recovered chimpanzees displayed fewer T cell receptor excision circles than Treg cells from HCV-naïve chimpanzees, indicating that the cells underwent more proliferation as a result of HCV infection.

In addition to CD4^+^CD25^+^Foxp3^+^ Treg cells, CD8^+^ T cells with regulatory functions have been studied in patients with HCV infection. HCV-specific CD8^+^ T cells that produce IL-10 were identified in the livers of chronically infected patients by in situ immunostaining ([@B59]). Previous studies have demonstrated that IL-10-producing CD8^+^ T cells protect against liver cirrhosis by reducing hepatocellular apoptosis, indicating their role in decreasing liver damage ([@B59]). Accapezzato et al. showed that the anti-viral function of HCV-specific effector CD8^+^ T cells infiltrating the liver was not efficient in patients with chronic HCV infection because of the concomitant presence of virus-specific CD8^+^ T cells producing considerable amounts of IL-10 ([@B60]). This finding suggests that IL-10-producing CD8^+^ T cells contribute to viral persistence by controlling hepatic effector CD8^+^ T cell responses. TGF-β-secreting, HCV-specific CD8^+^ T cells were also identified in the blood of patients with chronic HCV infection ([@B61]). When TGF-β secretion was blocked, the peripheral HCV-specific T cell responses were enhanced despite the presence of HIV co-infection.

CONCLUSIONS
===========

The function of Treg cells may be a double-edged sword in hepatitis viral infections. Although Treg cells suppress T cell responses directed against the hepatitis viruses, they also play a protective role by downregulating immune-mediated mechanisms of liver damage. However, it is unclear whether these different roles are attributed to identical Treg populations or distinct Treg subpopulations. In addition, it remains to be elucidated whether these two different roles are mediated by identical suppression mechanisms or by distinct mechanisms. A more detailed understanding of Treg cells in hepatitis viral infections will broaden our knowledge of immune responses and immunopathology in viral hepatitis and may provide new therapeutic targets for clinical applications.
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